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Abstract: We propose a minimal Yukawa deflection scenario of AMSB from the Kahler
potential through the Higgs-messenger mixing. Salient features of this scenario are dis-
cussed and realistic MSSM spectrum can be obtained. Such a scenario, which are very
predictive, can solve the tachyonic slepton problem with less messenger species. Numerical
results indicate that the LOSPs predicted by this scenario can not be good DM candidates.
So it is desirable to extend this scenario with a Peccei-Quinn sector to solve the strong CP
problem and at the same time provide new DM candidates. We propose a way to obtain
a light axino mass in SUSY KSVZ axion model with Yukawa deflected anomaly mediation
SUSY breaking mechanism. The axino can possibly be the LSP and act as a good DM
candidate.
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1 Introduction
Low energy supersymmetry(SUSY), which is one of the most attractive extensions of stan-
dard model(SM), can solve elegantly the gauge hierarchy problem by introducing various
TeV scale superpartners. It can also realize successful gauge coupling unification as well as
providing proper dark matter (DM) candidates and baryogensis mechanisms. The Higgs
scalar, which was discovered by the ATALS and CMS collaborations of LHC [1, 2] in 2012,
lie miraculously in the small ′115− 135′ GeV window predicted by low energy SUSY. De-
spite of these impressive successes, low energy SUSY confronts many challenges from LHC
experiments, especially the null search results of superpartners at LHC which constrain the
gluino mass mg˜ to upon 2 TeV[3] and the top squark mass mt˜1 to upon 1 TeV[4] in some
simplified models. Such difficulties imply that the soft SUSY breaking parameters in low
energy SUSY should have an intricate structure.
It is well known that the low energy soft SUSY breaking parameters can be determined
by the SUSY breaking mechanism in its UV completed theory. Therefore, it is important to
survey which type of SUSY breaking mechanism can accommodate better the phenomeno-
logically favored low energy soft SUSY breaking spectrum, for example, SUGRA[5], the
gauge mediated SUSY breaking(GMSB)[6] mechanism or the anomaly mediated SUSY
breaking(AMSB)[7] mechanism. The mSUGRA scenario, which is very predictive, was
however disfavored by the global fit of the GAMBIT collaboration even if only the DM
relic density upper bound is considered in addition to the muon g − 2 anomaly[8]. The
discovered 125 GeV Higgs boson, which needs a large trilinear coupling At for TeV scale
stop masses, challenges ordinary GMSB scenarios with light stops in which the trilinear
couplings are predict to vanish at the messenger scale[9].
Minimal AMSB, which contains only one free parameter Fφ ' m3/2, is insensitive
to the UV theory[10] and predicts a flavor conservation soft SUSY breaking spectrum.
Although it is very predictive, minimal AMSB predicts tachyonic slepton masses so that
the minimal scenario must be extended[11]. The most elegant solution from aesthetical
point of view is the deflected AMSB[12, 13](dAMSB), in which additional messengers are
introduced to deflect the renormalization group equation (RGE) trajectory of AMSB and
push the negative slepton squared masses to positive values [14]. On the other hand, N ≥ 4
messenger species are always needed to generate positive slepton squared masses with a
naturally negative deflection parameter, possibly leading to strong gauge couplings below
the GUT scale or Landau pole below the Planck scale. Besides, (radiative) natural SUSY
spectrum[15] in general is not predicted by ordinary (d)AMSB scenarios. Additional gauge
or Yukawa mediation contributions from messenger-matter interactions(mixing) in dAMSB
can be advantageous in various aspects. Scenarios with such extensions had been studied
in [16–20] by one of the authors.
Axion is the pseudo-Goldstone boson associated to the spontaneous breaking of the
anomalous Peccei-Quinn(PQ) symmetry[21] that is introduced to solve the ′strong CP ′
problem of QCD. There are two types of popular ′invisible axion′ model in the literatures,
the KSVZ model[22] and the DFSZ model[23]. KSVZ axion model, which can possibly
appear in some SUSY breaking mechanisms with a messenger sector, introduces a PQ scalar
– 2 –
and additional heavy quarks. Therefore, the induced topological term in its low energy
effective theory is the only modification to the standard model Lagrangian. So KSVZ
axion model, which predicts no unsuppressed tree-level couplings of axion to standard
model matter fields, can evade some of the stringent experimental constraints and is well
motivated theoretically. Axino is the fermionic SUSY partner of axion and can act as a cold
DM candidate[24]. Knowing the axino mass, on the other hand, is essential to determine
whether the axino is the LSP or not. In the SUSY extension of KSVZ axion model, the
axino mass is always of order m3/2 in anomaly mediation scenarios[25] and is heavier than
ordinary MSSM sparticles. It is therefore interesting to see if the axino can possibly be the
LSP and act as the DM particle in anomaly mediation scenarios.
In this paper, we propose to introduce minimal Yukawa deflection by the holomorphic
terms in the Kahler potential. Predictive MSSM spectrum can be generated. We also find
that the axino can be the LSP through proper Kahler deflection. This paper is organized as
follows. In Sec 2, we propose our scenario and discuss the salient features of this scenario.
In Sec 3, the soft SUSY parameters are given. The axino mass in an extension of our
scenario with a PQ sector is discussed. Our numerical results are given in Sec 4. Sec 5
contains our conclusions.
2 Minimal Yukawa Deflection From Kahler potential
Two approaches are proposed to deflect the AMSB trajectory with the presence of mes-
sengers, by pseudo-moduli field[12] or holomorphic terms (for messengers) in the Kahler
potential[13]. Additional Yukawa deflection contributions from messenger-matter interac-
tions(mixing) can also be introduced in both approaches[16–20]. However, many salient
features in scenario[20] with the Yukawa deflection of the Kahler potential are obscured by
the complicate structure of NMSSM. We show that Yukawa deflection from Kaher potential
may take the minimal form through Higgs-messenger mixing and its salient features can
be seen clearly in this scenario.
We introduce the following holomorphic terms involving the compensator field φ in the
Kahler potential
Kh ⊇ φ†φ
[
c1X¯5¯X5 + c2H¯5¯X5 + c3X¯5¯H5 + c4H¯5¯H5 +
NS∑
k=1
κkS¯kSk
]
+ h.c. , (2.1)
with H¯5¯, H5 the Higgs superfields and X5, X¯5¯ the messenger superfields in 5 and 5 rep-
resentations of SU(5), respectively. S¯k, Sk are respectively the spectator messenger fields
in 5 and 5 representations of SU(5), which are introduced to change only the gauge beta
functions. Note that S¯k, Sk cannot be the PQ messengers Qi, Q˜i introduced in KVSZ axion
model because the PQ messenger combinations Q˜iQi will carry non-trivial PQ charges and
cannot appear as holomorphic terms in the Kahler potential.
As any non-singular matrix can be diagonalized by bi-unitary transformations M ′d =
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U †MV , the previous expressions can be rewritten in the matrix form
(X¯5¯ , H¯5¯)
(
c1 c2
c3 c4
)(
X5
H5
)
,
= (X¯5¯ , H¯5¯)U
†
(
ca 0
0 cb
)
V
(
X5
H5
)
,
≡ (X¯ ′¯5 , H¯ ′¯5)
(
ca 0
0 cb
)(
X ′5
H ′5
)
, (2.2)
with the new mass eigenstates defined as(
X ′5
H ′5
)
≡ V
(
X5
H5
)
,
(
X¯ ′¯
5
H¯ ′¯
5
)
≡ U∗
(
X¯5¯
H¯5¯
)
. (2.3)
The eigenvalue of the Higgs fields corresponds to the (negligibly) smaller one. Requiring
the MSSM Higgs fields H ′, H¯ ′ to stay light and keep naturalness, we require ca  cb ≈ 0.
So we can safely neglect the cbH¯
′¯
5
H ′5 term in the following discussions. The coefficients
need to satisfy the approximate relation
c1c4 ≈ c2c3 . (2.4)
This requirement is trivially satisfied with c4 = c2 = 0 or c4 = c3 = 0. For example, with
c4 = c3 = 0, we can define
X¯ ′¯5 =
1√
c21 + c
2
2
(
c1X¯5¯ + c2H¯5¯
)
, X ′5 = X5 ,
H¯ ′¯5 =
1√
c21 + c
2
2
(−c2X¯5¯ + c1H¯5¯) , H ′5 = H5 , (2.5)
to rewrite the Kahler potential into
K ⊇ cXX¯ ′5X5 + h.c. , with cX ≡
√
c21 + c
2
2. (2.6)
In this special case, the mixing angle between X¯5¯ and H¯5¯ are given by tan θ = c2/c1.
The holomorphic terms in the Kahler potential reduces to
K ⊇ φ
†
φ
[
caX¯
′¯
5X
′
5
]
+ h.c. , (2.7)
after the rescaling φΦ→ Φ. With the F-term VEVs of the compensator fields φ = 1+Fφθ2,
we have
L ⊇ −ca|Fφ|2X¯ ′¯5X ′5 + F †φ
∫
d2θcaX¯
′¯
5X
′
5 + h.c. . (2.8)
We thus arrive at the mass matrix for scalar fields X¯ ′¯
5
, X ′5
( X¯ ′¯5, X
′∗
5 )
(
c2a ca
ca c
2
a
)(
X¯ ′∗¯
5
X ′5
)
. (2.9)
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We require |ca| > 1 so that the scalar components of messengers will not acquire lowest
component VEVs.
The SUSY breaking effects can be taken into account by a spurion superfields R with
the resulting effective Lagrangian
L =
∫
d2θcaX¯
′¯
5X
′
5R , (2.10)
and the spurion VEV as
R ≡MR + θ2FR = Fφ(1− θ2Fφ) , (2.11)
The deflection parameter is given by
d ≡ FR
MRFφ
− 1 = −2. (2.12)
After integrating out the heavy messenger X¯ ′¯
5
, X ′5, we can obtain the low energy effec-
tive theory involving only the MSSM superfields. Besides, the heavy triplet parts within
H¯ ′¯
5
, H ′5 are integrated out by assuming proper doublet-triplet splitting mechanism.
On the other hand, such spurion messenger-matter mixing can affect the AMSB RGE
trajectory. The superpotential in terms of SU(5) representation can be written as
W = y˜abP˜aH¯5¯Qb + y˜
′
abQaQbH5 +R
[
caX¯
′¯
5X
′
5
]
. (2.13)
Here P˜a and Qb, with a, b = 1, 2, 3 the family indices, are the standard model matter
superfields in the 5¯ and 10 representations of SU(5), respectively. At the messenger scale
characterized by Fφ, the superpotential will reduce to
W ⊇ y˜UabQL,aH˜uU cL,b − y˜DabQL,aH˜dDcL,b − y˜EabLL,aH˜dEcL,b ,
= y˜Uab
[
(V −1)21Xu + (V −1)22Hu
]
QL,aU
c
L,b
− [y˜DabQL,aDcL,b + y˜EabLL,aEcL,b] [(UT )21Xd + (UT )22Hd] , (2.14)
which includes the couplings between the MSSM superfields and messengers. Here H˜u, H˜d
correspond to the doublet components of H5 and H¯5¯, respectively. The superfields Hu, Hd,
on the other hand, correspond to the physical doublet components of H ′5 and H¯ ′¯5, respec-
tively.
We can rewrite the mixing matrix elements as
(V −1)21 = sin θ1, (V −1)22 = cos θ1 ; (UT )21 = sin θ2, (UT )22 = cos θ2 . (2.15)
We should note that the Yukawa couplings yUab, y
D
ab, y
E
ab in the MSSM corresponds to
yUab = y˜
U
ab cos θ1 , y
D
ab = y˜
D
ab cos θ2 , y
E
ab = y˜
E
ab cos θ2 , (2.16)
so we have the messenger-matter interaction strength
y˜Uab(V
−1)21 = yUab tan θ1 , y˜
D
ab(U
T )21 = y
D
ab tan θ2 , y˜
E
ab(U
T )21 = y
E
ab tan θ2 . (2.17)
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Appearance of scaled Yukawa couplings involving the tangent of the mixing parameters
for messenger-matter interaction strengths is one of the salient features of this deflection
scenario. They are required to be less than
√
4pi in the numerical studies.
The effects of integrating out the messengers can be taken into account by Giudice-
Rattazi’s wavefunction renormalization[26] approach. The messenger threshold M2mess is
replaced by spurious chiral superfields X with M2mess = X
†X. The soft gaugino masses at
the messenger scale Fφ are given by
Mi(Mmess) = g
2
i
(
Fφ
2
∂
∂ lnµ
− dFφ
2
∂
∂ ln |X|
)
1
g2i
(µ, |X|) , (2.18)
with
∂
∂ ln |X|gi(α; |X|) =
∆bi
16pi2
g3i . (2.19)
The trilinear soft terms can also be determined by the wavefunction renormalization ap-
proach because of the non-renormalization of the superpotential. After integrating out
the messenger superfields, the wavefunction will depend on the messenger threshold. The
trilinear soft terms at the messenger scale Fφ are given by
Aijk0 ≡
Aijk
yijk
=
∑
i
(
−Fφ
2
∂
∂ lnµ
+
dFφ
2
∂
∂ ln |X|
)
Z(µ; |X|) ,
=
∑
i
(
−Fφ
2
G−i + dFφ
∆Gi
2
)
, (2.20)
with ∆G ≡ G+ − G− the discontinuity across the messenger threshold. Here ′G+(G−)′
denote respectively the anomalous dimension above (below) the messenger threshold. The
soft scalar masses are given by
m2soft = −
∣∣∣∣−Fφ2 ∂∂ lnµ + dFφ2 ∂∂ ln |X|
∣∣∣∣2 ln [Zi(µ, |X|)] , (2.21)
= −
(
F 2φ
4
∂2
∂(lnµ)2
+
d2F 2φ
4
∂
∂(ln |X|)2 −
dF 2φ
2
∂2
∂ ln |X|∂ lnµ
)
ln [Zi(µ, |X|)] ,
at the messenger scale. Details of the expression involving the derivative of ln |X| can be
found in [16, 27–29].
3 The soft SUSY breaking parameters
We will discuss the consequence of Yukawa deflection from Hu( or Hd)-messenger mixing
in the Kahler potential, respectively. The soft SUSY breaking parameters at the scale Fφ
after integrating out the messengers can be calculated with the formulas from eqn.(2.18)
to eqn.(2.21).
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3.1 Scenario I: Hu-Messenger Mixing
This scenario corresponds to tan θ2 = 0 in eqn.(2.14).
• The gaugino masses are given as
Mi = −Fφαi(µ)
4pi
[bi − (−2)∆bi] , (3.1)
with
(b1 , b2 , b3) = (
33
5
, 1,−3) , (3.2)
and the changes of β-function for the gauge couplings
∆(b1 , b2 , b3) = ( 1 +NS , 1 +NS , 1 +NS). (3.3)
• The non-vanishing trilinear couplings are given as
At =
Fφ
16pi2
[
G˜yt − (−2)3y2t tan2 θ1
]
,
Ab =
Fφ
16pi2
[
G˜yb − (−2)y2t tan2 θ1
]
,
Aτ =
Fφ
16pi2
G˜yτ , (3.4)
with the beta function of the Yukawa couplings
G˜yt = 6y
2
t + y
2
b − (
16
3
g23 + 3g
2
2 +
13
15
g21) ,
G˜yb = y
2
t + 6y
2
b + y
2
τ − (
16
3
g23 + 3g
2
2 +
7
15
g21) ,
G˜yτ = 3y
2
b + 4y
2
τ − (3g22 +
9
5
g21) , (3.5)
and the discontinuity of the anomalous dimensions
∆G˜Q3 = y
2
t tan
2 θ1 , ∆G˜tcL = 2y
2
t tan
2 θ1 . (3.6)
• The scalar soft parameters are given by
m2Hu =
F 2φ
16pi2
[
3
2
G2α
2
2 +
3
10
G1α
2
1
]
+
F 2φ
(16pi2)2
[
3y2t G˜yt
]
,
m2Hd =
F 2φ
16pi2
[
3
2
G2α
2
2 +
3
10
G1α
2
1
]
+
F 2φ
(16pi2)2
[
3y2b G˜yb + y
2
τ G˜yτ
]
,
m2
Q˜L,a
=
F 2φ
16pi2
[
8
3
G3α
2
3 +
3
2
G2α
2
2 +
1
30
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
y2t G˜yt + y
2
b G˜yb
]
+ δa,3∆m
2
Q˜L,3
,
m2
U˜cL,a
=
F 2φ
16pi2
[
8
3
G3α
2
3 +
8
15
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
2y2t G˜yt
]
+ δa,3∆m
2
U˜cL,3
,
m2
D˜cL;a
=
F 2φ
16pi2
[
8
3
G3α
2
3 +
2
15
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
2y2b G˜yb
]
,
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m2
L˜L;a
=
F 2φ
16pi2
[
3
2
G2α
2
2 +
3
10
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
y2τ G˜yτ
]
,
m2
E˜cL;a
=
F 2φ
16pi2
6
5
G1α
2
1 + δa,3
F 2φ
(16pi2)2
[
2y2τ G˜yτ
]
, (3.7)
with
Gi = −bi , (b1, b2, b3) = (33
5
, 1,−3) , (3.8)
and Yukawa deflection contributions
∆m2
Q˜L,3
=
d2F 2φ
(16pi2)2
[
y2
Q3Xu t˜R
G+
Q3Xu t˜R
]
=
d2F 2φ
(16pi2)2
[
y2t tan
2 θ1G
+
Q3Xu t˜R
]
,
∆m2
U˜cL,3
=
d2F 2φ
(16pi2)2
[
2y2
Q3Xu t˜R
G+
Q3Xu t˜R
]
=
d2F 2φ
(16pi2)2
[
2y2t tan
2 θ1G
+
Q3Xu t˜R
]
. (3.9)
Here d = −2 and δa,3 is the Kronecker delta. The beta function for yQ3Xu t˜R upon
the messenger threshold Fφ is given by
G+
Q3Xu t˜R
= 3y2t + y
2
b + 6y
2
t tan
2 θ1 − 16
3
g23 − 3g22 −
13
15
g21 . (3.10)
3.2 Scenario II: Hd-Messenger Mixing
This scenario corresponds to tan θ1 = 0 in eqn.(2.14). Similar to scenario I, the soft SUSY
breaking parameters at the scale Fφ after integrating out the messengers can be readily
calculated.
• The gaugino masses are given as
Mi = −Fφαi(µ)
4pi
[bi − (−2)∆bi] , (3.11)
with
(b1 , b2 , b3) = (
33
5
, 1,−3) , (3.12)
and the changes of β-function for the gauge couplings
∆(b1 , b2 , b3) = ( 1 +NS , 1 +NS , 1 +NS). (3.13)
• The non-vanishing trilinear couplings are given as
At =
Fφ
16pi2
[
G˜yt − (−2)y2b tan2 θ2
]
,
Ab =
Fφ
16pi2
[
G˜yb − (−2)3y2b tan2 θ2
]
,
Aτ =
Fφ
16pi2
[
G˜yτ − (−2)3y2τ tan2 θ2
]
, (3.14)
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with the beta function of the Yukawa couplings
G˜yt = 6y
2
t + y
2
b − (
16
3
g23 + 3g
2
2 +
13
15
g21) ,
G˜yb = y
2
t + 6y
2
b + y
2
τ − (
16
3
g23 + 3g
2
2 +
7
15
g21) ,
G˜yτ = 3y
2
b + 4y
2
τ − (3g22 +
9
5
g21) , (3.15)
and the discontinuity of the anomalous dimension
∆G˜Q3 = y
2
b tan
2 θ2 , ∆G˜bcL = 2y
2
b tan
2 θ2 ,
∆G˜L3 = y
2
τ tan
2 θ2 , ∆G˜EcL = 2y
2
τ tan
2 θ2 . (3.16)
• The scalar soft parameters are given by
m2Hu =
F 2φ
16pi2
[
3
2
G2α
2
2 +
3
10
G1α
2
1
]
+
F 2φ
(16pi2)2
[
3y2t G˜yt
]
,
m2Hd =
F 2φ
16pi2
[
3
2
G2α
2
2 +
3
10
G1α
2
1
]
+
F 2φ
(16pi2)2
[
3y2b G˜yb + y
2
τ G˜yτ
]
,
m2
Q˜L,a
=
F 2φ
16pi2
[
8
3
G3α
2
3 +
3
2
G2α
2
2 +
1
30
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
y2t G˜yt + y
2
b G˜yb
]
+ δa,3∆m
2
Q˜L,3
,
m2
U˜cL,a
=
F 2φ
16pi2
[
8
3
G3α
2
3 +
8
15
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
2y2t G˜yt
]
,
m2
D˜cL;a
=
F 2φ
16pi2
[
8
3
G3α
2
3 +
2
15
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
2y2b G˜yb
]
+ δa,3∆m
2
D˜cL;a
,
m2
L˜L;a
=
F 2φ
16pi2
[
3
2
G2α
2
2 +
3
10
G1α
2
1
]
+ δa,3
F 2φ
(16pi2)2
[
y2τ G˜yτ
]
+ δa,3∆m
2
L˜L;a
,
m2
E˜cL;a
=
F 2φ
16pi2
6
5
G1α
2
1 + δa,3
F 2φ
(16pi2)2
[
2y2τ G˜yτ
]
+ δa,3∆m
2
E˜cL;a
, (3.17)
with
Gi = −bi , (b1, b2, b3) = (33
5
, 1,−3) , (3.18)
and Yukawa deflection contributions
∆m2
Q˜L,3
=
d2F 2φ
(16pi2)2
[
y2
Q3Xdb˜R
G+
Q3Xdb˜R
]
=
d2F 2φ
(16pi2)2
[
y2b tan
2 θ2G
+
Q3Xdb˜R
]
,
∆m2
D˜cL;a
=
d2F 2φ
(16pi2)2
[
2y2
Q3Xdb˜R
G+
Q3Xdb˜R
]
=
d2F 2φ
(16pi2)2
[
2y2b tan
2 θ2G
+
Q3Xdb˜R
]
,
∆m2
L˜L;a
=
d2F 2φ
(16pi2)2
[
y2L3Xdτ˜RG
+
L3Xdτ˜R
]
=
d2F 2φ
(16pi2)2
[
y2τ tan
2 θ2G
+
L3Xdτ˜R
]
,
∆m2
E˜cL;a
=
d2F 2φ
(16pi2)2
[
2y2L3Xdτ˜RG
+
L3Xdτ˜R
]
=
d2F 2φ
(16pi2)2
[
2y2τ tan
2 θ2G
+
L3Xdτ˜R
]
.
(3.19)
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Here d = −2 and δa,3 is the Kronecker delta. The beta functions for yQ3Xu t˜R and
yL3Xdτ˜R upon the messenger threshold Fφ are given by
G+
Q3Xdb˜R
= y2t + 3y
2
b + (6y
2
b + y
2
τ ) tan
2 θ2 − 16
3
g23 − 3g22 −
7
15
g21 ,
G+L3Xdτ˜R = 3y
2
τ + (3y
2
b + 4y
2
τ ) tan
2 θ2 − 3g22 −
9
5
g21 . (3.20)
3.3 SUSY KSVZ axion in (deflected)AMSB
It will be seen soon that in the allowed parameter space of the previous SUSY spectrum,
the lightest ordinary supersymmetric particle(LOSP) can not act as a good dark matter
candidate. Fortunately, the axino, which is the SUSY partner of the axion to solve the
strong-CP problem by the PQ mechanism, can act as a DM candidate if it is the true
LSP[30–34].
We introduce the following prototype axion superpotential and KSVZ-type coupling
involving NPQ species of heavy PQ messengers Qi, Q˜i in the 5, 5¯ representations of SU(5)
gauge group
W ⊇ λ0X(SS˜ − f2φ2) +
NPQ∑
i=1
yiQSQ˜iQi , (3.21)
with the PQ charge assignments
PQ(X) = 0, PQ(S) = −PQ(S˜) = 1 , PQ(Qi) = PQ(Q˜i) = −1/2. (3.22)
Since the global U(1)PQ symmetry is anomalous under QCD, the strong CP problem can
be solved.
In the SUSY limit, the scalar potential for X,S, S˜ after integrating out the PQ mes-
sengers can be given as
V0 = λ
2
0|X|2
(
|S|2 + |S˜|2
)
+ λ20|SS˜ − f2|2 . (3.23)
The PQ scalar, however, will not be stabilized because there is a moduli space characterized
by SS˜ = f2φ2 with X = 0, which parameterize the scale transformation adjunct to the
complexified U(1)PQ symmetry[35]. This argument breaks down if we take into account
the SUSY breaking effect. Thus, in order to stabilize the PQ scalar at an appropriate scale,
we have to take into account the SUSY breaking effects in the scalar potential. In this
scenario, we will include the AMSB-type SUSY breaking effects in the potential.
We have the discontinuity of the anomalous dimension for S across the PQ messenger
threshold determined by ΛQ ≡ λ0〈S〉
GUS = −
1
8pi2
[∑
i
5(yiQ)
2 + λ20
]
,
∆GS = − 1
8pi2
[∑
i
5(yiQ)
2
]
, (3.24)
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with GUS the anomalous dimension of S upon the Q˜i, Qi scale ΛQ. So we can obtain that
the discontinuity of βyiQ
, βλ0 acrossing ΛQ
∆βyiQ
=
1
16pi2
2(yiQ)2 +∑
j
5(yjQ)
2 + λ20
 ,
∆βλ0 =
1
16pi2
∑
j
5(yjQ)
2
 . (3.25)
The soft SUSY parameters for S from AMSB with Yukawa deflections can be given similarly
as eqn.(2.21)
m2S =
F 2φ
(16pi2)2
{
3λ40 − [(d′)2 + 2d′]λ20
[∑
i
5(yiQ)
2
]
+ (d′)2
∑
i
5(yiQ)
2
2(yiQ)2 +∑
j
5(yjQ)
2 + λ20
 , (3.26)
with d′ a typical deflection parameter to characterize the deflection induced by integrating
out the heavy PQ messenger fields.
The soft SUSY parameters for gauge singlets S˜,X come entirely from AMSB, which
will not receive additional Yukawa deflection contributions
m2
S˜
= m2X =
F 2φ
(16pi2)2
[
3λ40
]
. (3.27)
The form of the trilinear couplings Aλ0XSS˜ at the ΛQ scale will be generated by
Aλ0 = λ0
Fφ
16pi2
[
3λ20 − d′(
∑
i
5(yiQ)
2)
]
. (3.28)
So the full potential for S, S˜,X will be given by
V (S, S˜,X) = m2S |S|2 +m2S˜ |S˜|2 +m2X |X|2 +Aλ0XSS˜ + 2λ0Fφf2(X +X†) + V0,(3.29)
with V0 the prototype scalar potential in eqn.(3.23). The minimum conditions are given
by [
2m2X + 2λ
2
0
(
v2S + v
2
S˜
)]
vX +
(
4λ0Fφf
2 +Aλ0vSvS˜
)
= 0 ,[
2m2S + 2λ
2
0v
2
X
]
vS + 2λ
2
0
(
vSvS˜ − f2
)
vS˜ +Aλ0vXvS˜ = 0 ,[
2m2
S˜
+ 2λ20v
2
X
]
vS˜ + 2λ
2
0
(
vSvS˜ − f2
)
vS +Aλ0vXvS = 0 , (3.30)
with
〈X〉 ≡ vX , 〈S〉 ≡ vS , 〈S˜〉 ≡ vS˜ .
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We can see that for all λ0, y
i
Q ∼ O(1) and f  Fφ, the VEVs can be approximately
solved to be
vX ≈ Fφ
λ0
− Fφm
2
X
λ30f
2
− Aλ0
4λ20
,
vS ≈ f + f
m2
S˜
−m2S
2F 2φ
+
F 2φ
2λ20f
2
(
1 +
m2
S˜
+m2S
F 2φ
)
− Fφ Aλ0
2λ30f
2
,
vS˜ ≈ f − f
m2
S˜
−m2S
2F 2φ
+
F 2φ
2λ20f
2
(
1 +
m2
S˜
+m2S
F 2φ
)
− Fφ Aλ0
2λ30f
2
. (3.31)
In this limit, the deflection parameter d′ can be determined to be
d′ ≡ FS
SFφ
− 1 ≈ −λ0 vX
Fφ
− 1 ≈ −2. (3.32)
The PQ breaking scale fPQ can be determined by
fPQ ≈
√
v2S + v
2
S˜
/NDW ∼ f , (3.33)
which is constrained to lie within the ′axion window′ at 109GeV . fPQ . 1012GeV
by astrophysical and cosmological observations[37]. Here NDW = NPQ is the domain
wall number. The axino, which is the fermionic components of (S − S˜)/√2, acquires a
mass λ0vX ≈ Fφ. So we can see that the axino will in general be heavier than the soft
SUSY breaking masses predicted by (d)AMSB, which are typically of order Fφ/16pi
2. This
conclusion agrees with the results in [25] for ordinary AMSB.
After integrating out the PQ messengers, the following effective term can be generated
−L ⊇ NPQ αi
8pi
∫
d2θ ln(S)W ai W
ia + h.c. ,
⊇ NPQ αi
8pi
∫
d2θ
FS
S
θ2W ai W
ia + h.c. ,
= −NPQ αi
8pi
Fφλ
a
i λ
a
i , (3.34)
which will contribute to gaugino masses
δMi = −NPQ αi
4pi
Fφ . (3.35)
Combining eqn.(3.1) [or eqn.(3.11)] with eqn.(3.35), the gaugino masses can be given as
Mi = −Fφαi(µ)
4pi
[
bi − (−2)(1 +NS)− (−2)NPQ
2
]
, (3.36)
if the RGE effects between Fφ (which typically lies between 10
5 GeV and 108 GeV in AMSB)
and fPQ are neglected. So it can be seen that ordinary messengers and PQ messengers
play a similar role for the deflection contributions to the gaugino masses. Other soft
SUSY breaking parameters will neither receive contributions from PQ messengers nor from
ordinary messengers at the UV scale.
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As noted earlier, the axino, which acquires a mass typically at Fφ, is heavier than
ordinary SUSY particles. However, there is a possible way to generate a light axino mass.
We can add holomorphic terms for S, S˜,X to the Kahler potential in addition to standard
canonical kinetic terms
K ⊇ (X†X + S†S + S˜†S˜) + (cSS˜S + cXX2 + h.c.) , (3.37)
Following eqn.(2.7), the scalar mass parameters for S, S˜ and X will receive additional
contributions from anomaly mediation
L ⊇ −cS |Fφ|2S˜S − cX |Fφ|2X2 + F †φ
∫
d2θ
[
cSS˜S + cXX
2
]
+ h.c. (3.38)
Then the scalar potential is changed into
V (S, S˜,X) = m˜2S |S|2 + m˜2S˜ |S˜|2 + m˜2X |X|2 + cX |Fφ|2(X2 +X∗2) + cS |Fφ|2(S˜S + S˜∗S∗) ,
+ Aλ0XSS˜ + 2λ0Fφf
2(X +X†) + λ20|X|2
(
|S|2 + |S˜|2
)
+ λ20|SS˜ − f2|2,(3.39)
with
m˜2S = m
2
S + c
2
SF
2
φ , m˜
2
S˜
= m2
S˜
+ c2SF
2
φ , m˜
2
X = m
2
S˜
+ c2XF
2
φ . (3.40)
The minimum conditions are given by
2
[
m˜2X + λ
2
0
(
v2S + v
2
S˜
)
+ 2cX |Fφ|2
]
vX +
(
4λ0Fφf
2 +Aλ0vSvS˜
)
= 0 ,
2
[
m˜2S + λ
2
0v
2
X
]
vS + 2cS |Fφ|2vS˜ + 2λ20
(
vSvS˜ − f2
)
vS˜ +Aλ0vXvS˜ = 0 ,
2
[
m˜2
S˜
+ λ20v
2
X
]
vS˜ + 2cS |Fφ|2vS + 2λ20
(
vSvS˜ − f2
)
vS +Aλ0vXvS = 0 , (3.41)
with the minimum
vX ≈ Fφ
λ0
− Fφ(m˜
2
X + 2cX |Fφ|2)
λ30f
2
− Aλ0
4λ20
,
vS ≈ f + f
m˜2
S˜
− m˜2S
2F 2φ
+
F 2φ
2λ20f
2
(
1 +
m˜2
S˜
+ m˜2S
F 2φ
)
− FφAλ0 + 2cS |Fφ|
2
2λ30f
2
,
vS˜ ≈ f − f
m˜2
S˜
− m˜2S
2F 2φ
+
F 2φ
2λ20f
2
(
1 +
m˜2
S˜
+ m˜2S
F 2φ
)
− FφAλ0 + 2cS |Fφ|
2
2λ30f
2
. (3.42)
The axino mass are therefore given by
ma˜ = λ0vX + cSF
†
φ ,
≈ Fφ − Fφ(m˜
2
X + 2cX |Fφ|2)
λ20f
2
− Aλ0
4λ0
+ cSFφ , (3.43)
which can be much lighter than Fφ for cS ≈ −1. So the axino can possibly be the LSP and
act as the DM candidate.
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3.4 The µ−Bµ problem
In AMSB, the generation of µ−Bµ term is always troublesome because of the constraints
from EWSB. It was argued that the following holomorphic term,∫
d4θ
φ†
φ
cbHuHd , (3.44)
which possibly be present in eqn.(2.2), will lead to a too large Bµ term. However, if the
following µ-type term is also present in the superpotential, the resulting µ−Bµ term can
possibly be consistent with the EWSB condition which typically requires Bµ . µ2. In
fact, the ordinary µ-term in the superpotential in AMSB will receive dependence on the
compensator field
W ⊇ µ0φH˜uH˜d ,
= µ0φ (Xu sin θ1 + cos θ1Hu) (Xd sin θ2 + cos θ2Hd) . (3.45)
It will change into
W ⊇ µ0φ cos θ1 cos θ2HuHd , (3.46)
after integrating out the heavy messenger fields. Combining with the eqn.(3.44), we will
obtain
µ = µ0 cos θ1 cos θ2 + cbFφ ,
Bµ = µ0 cos θ1 cos θ2Fφ − cbF 2φ . (3.47)
An important observation is that a minus sign appears within the RHS of Bµ. For∣∣∣∣µ0 cos θ1 cos θ2 − cbFφcbFφ
∣∣∣∣ . cb , (3.48)
we can obtain Bµ . µ2 with order 1/cb fine tuning. The EWSB condition
M2Z
2
=
m2Hd −m2Hu tanβ2
tan2 β − 1 − µ
2 , (3.49)
requires MZ . µ ≈ 2cbFφ, so the value of cb should satisfy
cb ∼ 1
16pi2
, (3.50)
for generic value of m2Hu in (d)AMSB.
Csaki et al[36] found the other interesting possibility for EWSB condition which re-
quires
µ2 ∼ m2Hu  Bµ m2Hd . (3.51)
Spectrum of this type can be realized by introducing other types of messenger-matter
mixing (for example, the lepton-messenger mixing) so as that the Hd soft masses can
receive additional contributions from new Yukawa couplings while Hu not. Such a scenario
can not only generate positive slepton masses easily, but also solve the µ−Bµ problem.
The solution of µ − Bµ problem is quite model dependent. So we leave µ,Bµ as free
parameters in our numerical studies with their values determined (iteratively) by EWSB
conditions.
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4 Numerical Results
There are only four free parameters in each scenario, namely
Fφ, a, 0 < tan θ1,2 < 50 , tanβ , (4.1)
with a ≡ NS + NPQ/2 to replace the NS in eqn.(3.1) and eqn.(3.11). This setting do
not distinguish between PQ messengers and ordinary messengers. The tiny RGE effects
between Fφ and fPQ are neglected.
In our scan, we require that the tachyonic slepton problem which bothers ordinary
AMSB should be solved. Besides, we impose the following constraints
• (I) The conservative lower bounds on SUSY particles by LHC[3, 4] and LEP[38] as
well as electroweak precision observables[39] from LEP:
– Gluino mass: mg˜ & 1.8 TeV .
– Light stop mass: mt˜1 & 0.85 TeV .
– Light sbottom mass mb˜1 & 0.84 TeV.
– Degenerated first two generation squarks mq˜ & 1.0 ∼ 1.4 TeV.
– mχ˜± > 103.5GeV and the invisible decay width Γ(Z → χ˜0χ˜0) < 1.71 MeV.
• (II) The lightest CP-even scalar should lie in the combined mass range for the Higgs
boson: 123GeV < Mh < 127GeV.
• (III) Flavor constraints [40] from B-meson rare decays are imposed as
1.7× 10−9 < Br(Bs → µ+µ−) < 4.5× 10−9 , (4.2)
0.85× 10−4 < Br(B+ → τ+ν) < 2.89× 10−4 , (4.3)
2.99× 10−4 < Br(BS → Xsγ) < 3.87× 10−4 . (4.4)
• (IV) The relic density of the dark matter should satisfy the upper bound of the Planck
data ΩDMh
2 = 0.1199± 0.0027 [41] in combination with the WMAP data [42](with
a 10% theoretical uncertainty). In our scenario, the neutralino or axino can be the
DM paticle. The axino DM can be generated dominantly from the decay of lightest
ordinary supersymmetric particle (LOSP), such as τ˜1, e˜R. The left-handed sneutrino
DM scenario had already been ruled out by DM direct detection experiments[43–45],
so ν˜eL, ν˜τL etc are not good DM candidates. However, the left-handed sneutrino can
possibly act as the LOSP and decay into LSP axino after it was produced in the early
universe or at the collider.
We have the following numerical discussions:
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Scenario I:
• Many points can survive the constraints from (I)-(III) for a ≥ 2. However, we check
that no point can survive the previous constraints for a = 0 or 1. It is interesting
to note that tachyonic slepton problem can not be solved for N < 5 messenger
species in ordinary Kahler deflection[13] of AMSB. With Yukawa deflection induced
by messenger-Higgs mixing, 3 ≤ 1 + a < 5 messenger species are adequate to push
the negative squared masses for sleptons to positive values in our scenario.
We show the allowed region of tan θ1 versus Fφ in figure 1, within which various types
of the LOSP are marked by various colors. For a = 3, the lightest neutralino χ˜01 can
possibly be the LOSP with Fφ ∼ 107GeV. However, for a = 2, the lightest neutralino
χ˜01 cannot be the LOSP in the whole parameter space. Other types of superpartner,
such as ν˜eL, e˜R, τ˜1, can also serve as LOSP.
Figure 1. Allowed regions of tan θ1 vs Fφ with a = 3 (left panel) and a = 2 (right panel) in
scenario I. All points satisfy the constraints from (I) to (III).
• The Higgs mass in MSSM is given by
m2h ' m2Z cos2 2β +
3m4t
4pi2v2
[
log
M2SUSY
m2t
+
A˜2t
M2SUSY
(
1− A˜
2
t
12M2SUSY
)]
, (4.5)
with A˜t ≡ At−µ cotβ and MSUSY = √mt˜1mt˜2 the geometric mean of stop masses. To
increase the loop contributions to the Higgs mass, we can either choose MSUSY/mt 
1 or MSUSY/mt > 1 with A˜t/MSUSY > 1. Without stop mixing, the stop masses have
to be heavier than 5 TeV.
The Higgs mass mh versus the gluino mass mg˜ for the survived points are shown in the
upper panels of figure 2. We also show the parameters At vs
√
mt˜1mt˜2 in the middle
panels of figure 2, which can be used to estimate the dominant loop contributions to
the Higgs mass. We can see from the figures that it is fairly easy to accommodate the
125 GeV Higgs mass in our scenarios. As a large trilinear coupling At at the messenger
scale can be generated by eqn.(3.4) and eqn.(3.14), our scenario can accommodate
the 125 GeV Higgs mass with the geometric mean of stop masses as low as 2 TeV.
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Figure 2. Allowed regions for various LOSP with a = 3 (left panel) and a = 2 (right panel)
in scenario I. All points satisfy the constraints from (I) to (III). In the upper panels, the BGFT
measure is used to parameterize the level of EWFT.
This is in contrast to ordinary GMSB scenario, which predicts a vanishing At at the
messenger scale and is difficult to accommodate the 125 GeV Higgs mass with such
light stop masses (unless the messenger scale in GMSB is extremely high).
Low value of Fφ, which sets the whole soft SUSY spectrum including the stop
masses to be light, needs low electroweak fine-tuning(EWFT). The involved Barbier-
Giudice(BG) FT measures[46] are shown with different colors. In our sceanrio, the
least BGFT value can be O(103). To see more clearly the EWFT, we plot the param-
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eter µ vs mt˜1 in the bottom panels of figure 2. Low EWFT in general corresponds
to low value of µ.
• As noted previously, the LOSP in our scenarios can be the ν˜eL, e˜R, τ˜1 other than the
lightest neutralino χ˜01. If the lightest neutralino is lighter than the axino, the χ
0
1 LSP
can act as the DM candidate. On the other hand, if axino is the LSP and act as the
DM particle, the LOSP can later decay into axino after its freezing out. The relic
density of axino is therefore related to that of LOSP by
Ωa˜h
2 =
ma˜
mLOSP
ΩLOSPh
2 . (4.6)
The relic abundances of those various LOSP are shown in figure 3. We can see from
Figure 3. The relic abundances of various LOSP particles for a = 3 (left panel) and a = 2 (right
panel) in scenario I.
the figure that the lightest neutralino can serve as the LOSP for a = 3. However,
χ01 particle, if it is also the LSP, has a relic abundance exceeding the DM upper
bound and is therefore ruled out as the DM particle. Axino DM scenario, on the
other hand, is still allowed. It can be seen from equation (4.6) that the LSP relic
abundance is always smaller than that of the LOSP. So, if axino is the LSP, the χ01
LOSP can decay into the axino and its relic density can therefore possibly lead to
a right amount of axino DM. Other LOSP species, such as e˜R, τ˜1, can not be the
DM candidates because they are not electric neutral. The left-handed sneutrino DM
scenario had already be rule out by DM direct detection experiments. All of these
LOSPs can decay into axino DM particle after they freeze out if the axino is the true
LSP.
It is hopeless to detect the axino DM via DM direct detection experiments and
collider experiments because of its extremely weak interaction strength. However,
the axino DM may show up its existence from the properties of the LOSP. The
LOSP typically decays into axino with a lifetime less than one second and practically
be stable inside the collider detector. The electrically charged particle would appear
as a stable particle inside the detector. The injection of high-energetic hadronic
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and electromagnetic particles, produced from late decays of the LOSP into axino
(with lifetime less than one second), will not affect the abundance of light elements
produced in the Big Bang Nucleosynthesis(BBN) era.
Scenario II:
Similar discussions can be carry out for Scenario II. Allowed regions of tan θ2 versus Fφ for
various types of the LOSP are marked with various colors in figure 4. As scenario I, the
survived regions admit ν˜eL, e˜R, τ˜1, χ
0
1 as the LOSP. Besides, the 125 GeV Higgs can also
be accommodated easily in this scenario. In fact, as can be seen in the middle panels of
figure 5,
√
mt˜1mt˜2 can be as low as 3 TeV with an intermediate large value of At. From
the allowed ranges of the µ vs mt˜1 parameters, it is clear that the case a = 3 can adopt
relatively light µ in compare with the case a = 2, therefore less EWFT. This observation is
consistent with the conclusion from the values of the BGFT measure in the upper panels
of figure 5.
The freeze out relic density for various LOSP are shown in figure 6. Again, the lightest
neutralino χ˜01 (in a = 3 case) LOSP can not be the DM candidate because its relic abun-
dance will over close the universe. If the axino is the LSP and act as the DM particle, the
LOSP can later decay into axino after its freezing out.
Figure 4. Allowed regions of tan θ2 vs Fφ with a = 3(left panel) and a = 2(right panel) in scenario
II. All points satisfy the constraints from (I) to (III).
5 Conclusions
We propose a minimal Yukawa deflection scenario of AMSB from the Kahler potential
through the Higgs-messenger mixing. Salient features of this scenario are discussed and
realistic MSSM spectrum can be obtained. Such a scenario, which are very predictive,
can solve the tachyonic slepton problem with less messenger species. Numerical results
indicate that the LOSPs predicted by this scenario can not be good DM candidates. So
it is desirable to extend this scenario with a Peccei-Quinn sector to solve the strong CP
problem and at the same time provide new DM candidates. We propose a way to obtain
– 19 –
Figure 5. Allowed regions for various LOSP with a = 3 (left panel) and a = 2 (right panel)
in scenario II. All points satisfy the constraints from (I) to (III). In the upper panels, the BGFT
measure is used to parameterize the level of EWFT.
a light axino mass in SUSY KSVZ axion model with (deflected) anomaly mediation SUSY
breaking mechanism. The axino can possibly be the LSP and act as a good DM candidate.
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Figure 6. The relic abundances of various LOSP particles for a = 3(left panel) and a = 2(right
panel) in scenario II.
References
[1] G. Aad et al.(ATLAS Collaboration), Phys. Lett. B710, 49 (2012).
[2] S. Chatrachyan et al.(CMS Collaboration), Phys. Lett.B710, 26 (2012).
[3] The ATLAS collaboration [ATLAS Collaboration], ATLAS-CONF-2017-022;
A. M. Sirunyan et al. [CMS Collaboration], Phys. Rev. D 97, no. 1, 012007 (2018);
A. M. Sirunyan et al. [CMS Collaboration], Eur. Phys. J. C 77, no. 10, 710 (2017).
[4] The ATLAS collaboration [ATLAS Collaboration], ATLAS-CONF-2017-037;
A. M. Sirunyan et al. [CMS Collaboration], arXiv:1706.04402 [hep-ex].
[5] A. H. Chamseddine, R. L. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982);
H. P. Nilles, Phys. Lett. B 115, 193 (1982); L. E. Ibanez, Phys. Lett. B 118, 73 (1982);
R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119, 343 (1982); H. P. Nilles,
M. Srednicki and D. Wyler, Phys. Lett. B 120, 346 (1983); J. R. Ellis, D. V. Nanopoulos and
K. Tamvakis, Phys. Lett. B 121, 123 (1983); J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and
K. Tamvakis, Phys. Lett. B 125, 275 (1983); N. Ohta, Prog. Theor. Phys. 70 (1983) 542;
L. J. Hall, J. D. Lykken and S. Weinberg, Phys. Rev. D 27, 2359 (1983).
[6] M. Dine, W. Fischler and M. Srednicki, Nucl. Phys. B 189, 575 (1981);
S. Dimopoulos and S. Raby, Nucl. Phys. B 192, 353 (1981);
M. Dine and W. Fischler, Phys. Lett. B 110, 227 (1982);
M. Dine and A. E. Nelson, Phys. Rev. D48, 1277 (1993);
M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D51, 1362 (1995);
M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, Phys. Rev. D53, 2658 (1996);
G. F. Giudice and R. Rattazzi, Phys. Rept. 322, 419 (1999).
[7] L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999); G. F. Giudice, M. A. Luty,
H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998).
[8] P. Athron et al. [GAMBIT Collaboration], Eur. Phys. J. C 77 (2017) no.12, 824
[arXiv:1705.07935 [hep-ph]].
[9] Patrick Draper, Patrick Meade, Matthew Reece, David Shih, Phys. Rev. D 85, 095007 (2012).
[10] I. Jack, D.R.T. Jones, Phys.Lett. B 465 (1999) 148-154.
– 21 –
[11] I. Jack and D. R. T. Jones, Phys. Lett. B 482, 167 (2000);
E. Katz, Y. Shadmi and Y. Shirman, JHEP 9908, 015 (1999);
N. ArkaniHamed, D. E. Kaplan, H. Murayama and Y. Nomura, JHEP 0102, 041 (2001);
R. Sundrum, Phys. Rev. D 71, 085003 (2005);
K. Hsieh and M. A. Luty, JHEP 0706, 062 (2007).
[12] A. Pomarol and R. Rattazzi, JHEP 9905, 013 (1999);
R. Rattazzi, A. Strumia, James D. Wells, Nucl.Phys.B576:3-28(2000);
Nobuchika Okada, Phys.Rev. D65 (2002) 115009.
[13] A. E. Nelson and N. J. Weiner, hep-ph/0210288.
[14] Nobuchika Okada, Hieu Minh Tran, Phys.Rev. D 87 (2013) 3, 035024;
Fei Wang, Wenyu Wang, Jin Min Yang, Yang Zhang, JHEP 07(2015)138.
[15] H. Baer, V. Barger, Peisi Huang, A. Mustafayev, X. Tata, Phys.Rev.Lett. 109 (2012) 161802.
[16] F. Wang, Phys. Lett. B 751, 402 (2015).
[17] Fei Wang, Jin Min Yang, Yang Zhang, JHEP04(2016)177.
[18] Fei Wang, Wenyu Wang, Jin Min Yang, arXiv:1703.10894.
[19] Xuyang Ning, Fei Wang, JHEP 08(2017)089.
[20] Xiaokang Du, Fei Wang, Eur. Phys. J. C (2018) 78:431.
[21] R.D. Peccei, H.R. Quinn, Phys. Rev. Lett. 38 (1977) 1440;
R.D. Peccei, H.R. Quinn, Phys. Rev. D 16 (1977) 1791;
Jihn E. Kim, Gianpaolo Carosi, Rev.Mod.Phys.82:557-602(2010);
David J.E. Marsh, Physics Reports 643, 1-79 (2016).
[22] J.E. Kim, Phys. Rev. Lett. 43 (1979) 103;
M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys. B 166 (1980) 493.
[23] Dine M, Fischler W, Srednicki M. Phys. Lett. B 104:199 (1981);
Zhitnitsky AR. Sov. J. Nucl. Phys. 31:260 (1980).
[24] Annu. Rev. Nucl. Part. Sci. 63:69-95(2013).
[25] K. Nakayama, T.T. Yanagida, Phys. Lett. B 722,107 (2013).
[26] G. F. Giudice, R. Rattazzi, Nucl. Phys. B 511, 25 (1998).
[27] Z. Chacko and E. Ponton, Phys.Rev. D66 (2002) 095004.
[28] Jared A. Evans, David Shih, JHEP08(2013)093.
[29] Fei Wang, JHEP 1811 (2018) 062; Xiao Kang Du, Guo-Li Liu, Fei Wang, Wenyu Wang, Jin
Min Yang, Yang Zhang, [arXiv: 1804.07335]; Guo-Li Liu, Fei Wang, Wenyu Wang, Jin Min
Yang, Chinese Physics C, Vol. 42, No. 3 (2018) 035101; Zhuang Li, et al, Sci. China-Phys.
Mech. Astron. 61, 091011 (2018).
[30] Laura Covi, Jihn E. Kim, New J. Phys. 11 (2009) 105003.
[31] T. Asaka, Masahiro Yamaguchi, Phys.Lett. B437 (1998) 51-61.
[32] E. J. Chun, D. Comelli, David H. Lyth,[arXiv: hep-ph/9903286].
[33] Linda M. Carpenter, Michael Dine, and Guido Festuccia, Phys. Rev. D80,125017 (2009);
Linda M. Carpenter, Michael Dine, Guido Festuccia, and Lorenzo Ubaldi,Phys. Rev.
D80,125023 (2009).
– 22 –
[34] Kyu Jung Bae, Howard Baer, Eung Jin Chun, JCAP12(2013)028.
[35] Jihn E. Kim, Min-Seok Seo, Nucl.Phys. B864,296-316(2012).
[36] Csaba Csaki, Adam Falkowski, Yasunori Nomura, Tomer Volansky,
Phys.Rev.Lett.102:111801,2009
[37] M. S. Turner, Phys. Rept. 197, 67 (1990);
G. G. Raffelt, Phys. Rept. 198, 1 (1990);
J. Preskill, M. B. Wise and F. Wilczek, Phys. Lett. B 120, 127 (1983);
L. F. Abbott and P. Sikivie, Phys. Lett. B 120, 133 (1983);
M. Dine and W. Fischler, Phys. Lett. B 120, 137(1983).
[38] S. Schael et al. [ALEPH and DELPHI and L3 and OPAL and SLD and LEP Electroweak
Working Group and SLD Electroweak Group and SLD Heavy Flavour Group
Collaborations], Phys. Rept. 427, 257 (2006).
[39] C. Patrignani et. al. (Particle Data Group), Chin. Phys. C, 40 100001 (2016).
[40] V. Khachatryan et al. [CMS and LHCb Collaborations], Nature 522, 68 (2015).
[41] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 571, A16 (2014).
[42] J. Dunkley et al. [WMAP Collaboration], Astrophys. J. Suppl. 180, 306 (2009).
[43] D. S. Akerib et al., arXiv:1608.07648 [astro-ph.CO].
[44] C. Fu et al., Phys. Rev. Lett. 118, 071301 (2017)[arXiv:1611.06553].
[45] E. Aprile et al. [XENON Collaboration], arXiv:1805.12562 [astro-ph.CO].
[46] R. Barbieri and G. Giudice, Nucl. Phys. B 306 (1988) 63.
– 23 –
